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"NATIONAL ADVISCRY COMMITTEE FOR AFRONAUTICS

RESEARCT MEMORANDUM

FLIGHT 1NVFSTIGATION OF TELUST AUGMENTATION OF A
TURBOJET ENGINE BY WATER-ALCOHCL INJECTTON

By Carl Ellizman

SUMMARY

Thrust engmontation by the ;nJaction of water-alcohol mixturea
into the compressor inlets of a turbojet engine with & centrifugal-
flow-type comprasscr was inveetigated iIn Plight at altitudes of sea
level, 5000 feet, and 10,000 feet. Tha investigation was made to
determinﬁ the water—e;rohol miftare end tba 1njection rate for
optimum tnrust augmentation.

The mixture of 20-percent alcolhol by weight and an injection
rate of 1.45 pounds ver second produced tho mzxinum thrust augmenta-
tlon at en altitude of 10,000 fset. This injention raté is oguivalont
to a wator-alcohol-to~-atr ratio of approﬁiaatply 0.0% and gave a
2l-percent increaus in ust theust. For aliltudes dbelow 10,000 feet,
the optimum wator-aliechel-to-aly ratic was within the range of 0.03
to 0.05. At =mea lewnl, czlculabtions shewed that the take-coff
distance could be rcdvced about 15 vercens when this mixture was
inJscted at a rato of 1.3 pcunds per socond, vhich is equivalent to

a water-alcohol-to-alr ratio of 0,04.

INTROTCUCTION

Tho injection of water into the ccmpressor 1s one means of
augmenting the thrust of a jot englne. Water injection, by reducing
the temperature of the air flowing thirough the coupressor, iacreases
tho meas Tlow and ite prossuro ratio through the cumpresuor and there-
fore the thrust of the onglne.

With the injecticn of water alone, an insrease in fuol flow is
nacealary Vo maintein wmaximum ecgine speed. IT tho proper amount
of additional fuel, such as aicohol, 1is injscied witn the wator, a
chenge In the throttle position 1e muneceseary. A mixture of water
aud alcokol thut would givo the maximum thrust increase and would
not require a change in throttle setting during flight is theretore
dovairable.

A gea-levol static investigation over & wide rangu of watesr-
alcohol mixtures and injection rates has been conducted with a
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centrifugal-flow-type turbojet engine (reference 1) similar to that
used in the flight investigation reported herein. The present flight
inveatigation was condvucted at the NACA Clevelard laboretory to
measure the effoct of water-alechol injection on performance at
altitudes of cea level, 5000 feet, and 10,000 foet and to determine
optimum mixture end injectlon rate for maxlnum augmontation. The
raage of mlxture and injJection rates for thie investligation was
detormined from the results of the sea-levgl static investigation.
SYMBOLS _
The Pollowing symbole are used in this report:’

Jet thrust, pounds o o

net thrust, pounds

enginc speed, rpm

totel pressure, pounds per sguare foot absolute

static pressure, pounés per square'foot abgoluteJ ‘

total indicated temperaturs, °R

static temperature, °gr
ﬂh air flow, pounds per second
“b,al injected water-alcohol flow, pounde per gecond
We fuel (kerosene) flow, pounds per. hour .
Subscripts: .
0 ambient

front compressor inlet

rear compresesor inlet

1
2
S tall-pipe thrust ring
7

Jet=survey rake
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Correction Faotors

. All performauce data werc corrected 10 NACA sﬁandard eltivude
" cond‘tions by the following "or“ection factors:

s . Compreasor-inlet total pressurs, P, 2, (lb)/(so £t absolute)
Prescurc at NACA standard. altitude, Pq, (ib)/is8q Ft absoluta)

_ Compressor-inlet total temperature, Ti 2, (°r)
Temporature at NACA standurd alt*tude, to, (°R)

- where Pl o aud Tl o2 &are the average compreseor-inlet total pres=
-sure and temparauure, respectively, for the engine without augmenta-

". .tion.

The following correction parametors ave ths various periormance
variables corrected to HACA stangaru altituvde:

FJ/B Jet thrust, pourds 1“

Fh/B net thrust, pounds

N/V?i engine speed, rpm

P/® pressure, pounds per square foo£ dbsoiuﬁQ .
7/ o temperature, °R . .

Wa'\/-é-/b ©  ailr flow, pounds per second

E/6 water-alcohol flow, pounds per second .
,al ’

Wf/GVWT . fuel flow, pounds per hour

AYPARATUS AND PROCEDURE

A twin turbojet engine pursuit airplane (fiz. 1) was instrumented
to measure the fundamental characteristics of a turbcjlet ergine 1n
flight. The right engine was completely instrumented for perfcrmance
meaguremont. The englne has a double-faced, centrifugal-flow-type
compressor and a 12.5-inch-diemeter Jet nozzle. The sea-level thrust
rating of the engine is 1600 pounds at a engine speed of 15,500 rpm.

The water-alcohol mixtures for thrust augmentation were introduced
at the compres:ior inlota ty mcans of 20 cpray nozzles mounted on a
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'

common circular manifold fitted to the compressor casing. Ten
nozzles were equally spaced around each corpressor inlet (fig. 2).
The water-alcohol mixture was puped fiom two drcp taaks that served
_as roservolrs for the mixture.

Location of the statlons at wialch instrimentation was installed

18 indicated in a cross-sectione=l drewing of the engine (figz. 3).
Ten shielded total-pressure tubes and ten iron-constanvan thermo-
couples were evenly spaced around the periphory of each comprasgor
inlet {stations 1 and 2j. Ia the tail pipn, sietiun 5, =wo tocal-
pressure tubes, two statlic-wall criricse, and elght equally spaced
ckromel-alumel thermocouples served as a calibrated thrust ring.

" This ring was calilrated with the tall pips and the nouzle for the
measurement of Jet thrust and gas flow

The jet was aurveyeé by a rake theat moved across the Jet 1 inch
dovmetrsam of the exit of +the tall pipse for the purpose of determining
the Jjet teampsrature and preasure diastribution. The survey rake

“incluled 1% thermocouples, 20 total-hoad tubes, and 5 static-heed’
tabss (Tig. 4).

The fuel flow to the engine vwas measured by a rotating vane-
type meter and was both recorded and indicated on flight instruvments.
The water-alcohol flow was me=3ured In the sawe msmuer as the fuel
flow. These flows ware indicated on the pllot's instrument penel.
The engine speed was measured dy a tackhometer generator theat
transnitted voltages to a rocurding ard indicating instrument. A
RACA standard eirspeod boom and instrurent were used to record the
altitude and the airapeed. A calibrated resistance bulb indlcatved
the amblent-alr tcwporature. All lnstrumentis wele accurate within
+2 percent with the oxcoption of the fuel- and water-flow measuring
units, walcl were accurate wlthin £5 perceut.

A constant ram-pressure retio was maintained at the compressor
Inlets by flying al a constant alrsvoed with the left ergine usod
as a speod control. Several rung were made during a sirgle flight
to eatablish the standerd perlormance characisristics of the englne
at that altitude and thrust-augmented runs were then conducted wlth
varisd injection rates at wwo engine speeds, 16,500 and 15,500 rpm.

The range of water-zlcchol injection rate was from 0.5 to
2 pounds per seconi. The alcokcl In the mixture used was 50-percent
ethyl, 50-percent methyl blend. The freezing point of the water-
alcohcl mixture was about 12° F and permitted eafe operation to &
NACA standard altitude of 13,000 feet. All data were rocorded under
a stabilized condition.
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RFSULTS AND DISCVSSION

Sea-level static runs over a range of water-alcohol mixtures
were conducted with an engine similar to that used in the fllght
investigation reported herein. The statlc runs (reference 1)
indicated that an increase of 23 percent in thrust had been achleved
wlth water injection alone at 18,500 rpm and that a mixture of about
20-percent alcohol by welgnt would permit operation with injection
without adjustment of the throttle from the norial operating positilon. -

A preliminary ground investigation was made to check the static
sea-level results presented 1n reference 1. Flight tests were then .
conducted at an altitude of 10,000 feet to determine the cptinum
mixture for maximom thrust augmentation during fligut. Mixtures of
17-, 20-, and 23-percent alcohol to water by weight with varying
rates of injection were used. The waximum increase in net thrust was
obtained with the 20-percent alcohol mixture, as 1nn1cated in fig-
ul‘e 5 L)

The subsequent flight runs were made with a 20-percent alcohol .
mixture. The curves presented in figures € ‘o 9 represent perform-
ance data that have heen corrected to RACA standard altitude condi-
tions. These data were obialned at an airspeed corresponding to a
constant compressor-inlet ram-pressure ratio of 1.095. Variod ongine
speeds and water-alcohol injection rates were used.

At an altitude of 10,000 feet and a corrected englno speed of
16,000 rpm, the incresse in net thrust due to water-alcohol injoc-
tion was about 185 pounds or about 21 percent of the normal thrust
at that engine speed (fig. 6). Over the range of water-alcohol
injection rates used, the variation in thrust with injectlon rates
was vory slight; figure 7 shows an increasing amount of thrust
augmentatinn with increasing weter-alcohol injection to a rate of
approximately 1.45 pounds per mecond and then very little change
with additional water-alcohol injoction., Thls rote was equivalent
to a wauter-alcnhol-tn-alr ratio of approxirnately 0.05.

With the injuction of tho water-alconol mixture, the fuel flow
increased slightly, as indlcated in figurc 8. A 4-porcent increase
in fuel flow occurred during the sugmented runa, which was abcut
1 pound per minute mcre then nurmal at 16,000 rpm. Inasmuch as
this diff'erence in flow rates was bteyond tho accuracy of the flow-
measuring instruments, no furtlsr attempt was mede to maintaln a
constant fuel flow when tho wuter-alcohol mixture was added to the
engine. A slight throttle adjustment was somotimes required to
maintain the same engine speed. In most of the runs the engine speed
dropped slightly with water-alcohol injection, then increased and
stabilized at the original value.
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The tall-pipe temperature was noticeably cooler during the
augmented runs; the difference in tail-pipe temperatures of the
normal dry run and.-the augmented run increased with incresaing
injection rate (fig..9). More thrust could be obtained if the tail-
pipe temperature was maintained at . its maximum design limit during
- water-alcohol injection.. The use of an adjustable-area exhaust
nozzle in conjunction with water-alcchol 1njection would increase
. the. amount of thrust augmentation {reference 1) by maintaining
“.the maximum tall-pipe temperature permitted.

. .The effect of varlous.water-aslcohol-tcoc-air ratios upon thrust
augmentation at three .altitudes is indicated in figure 10, At sea
level, 5000 fwet, and 10,000 feet, thé curves proved to be rathor
flat gbove .the water-alcohol-to-eir ratio of approximately 0.04.
These curves indlcate that the optimum waier-slcooholeto-air ratio

. .wasg within tho runge of 0.03 to 0.05 and the higher the altitudo,
--the less water-alcohol injection:is required for maximum augmenta-
tion becanse at a constant engline setting the air flow decreases
with altitude, 'The speciflic liguid consumption based on net thrust
was raised about 250 percent durlng opeoraiion al a water-zlcohol-

+. to-alr ratio of about 0.04., This high specific liquid consumption
. .limite operation ‘with vatsr-alcohol 1nJection to short periods of

- time, . .

Thruat augmertation by water-alcohol inJection would be most
applicable four trko-off by.reducing the take-off distance. A
series of ground :runs wore thorofore mads to deterwmine the injec-
tion rate for m=clmum thrust augmentation at sea level, using a
- 20-percent slcohol -water mixture. The results presented in fig-
ure:ll indlcate that abt a corrected englno speed of 16,525 rpm this
injectlon r:te wo:ld be gomewhat higher than 1.3 pounds per second.

. Calculnitions for the optimum rate of water-alcohol lnjection
for P twin-onizine - take- oY were made, The take-off distance for
Aift-off at savorzl injeciion rates were calculated, aasuming an
idenl’zed ajrplano havirg a nstinum 11ft-drazg ratino of 12, a wing
loadlinrg of 3.5 pounds per sguore £out, a take-of & welght cof
12,000 pourdin pluu 30 neunds of augeeatetion equitnaent with a
l-minute supply of water-aleohiol mixture. The oplimum rate of water=-
alcohol injection wae ahout 1.3 pounds per second (fis. 12). This
injection rate wav equivrlent to & water-nicohol-to-ul» ratlio of 0.04,
:and decreased tho-take-off distance about 1H pexcent for an increase
in the alreraft wiight of only 2 percent. The reducticn in the take-
off distance was e¢ffected .by un inciease of 14 percenb in thrust.

. Tho use of ‘wator alcohol as a means of thrust augmontation
presonted. several installation problems. The greatest problem wes

t
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the contamination of the lubricating oil with water-alcchol mixture,
which resulted in corrosion ‘ard treakdown of engine bearings. TIn
some Jjet engines, Tiltered air for atomization and cooliug of bearing
olls is taken from the compressnir, Wnen water-alcohol mixture is
injected into tho compressor, the bearing alr, which should be
rolavivesly dry, carrles vapcrs of wator and alcohol that condense out
in the bearing oil. Cooling colls and traps were designed %o rid the
bearing air of excesslve moisture. Tnose methods were inoffective
anrd the alr for the bearings had to be talen frum tha left engine
during the augmented runs.

SUMMARY OF RUSULTS

From the investigations in which waier-alcohol mixtures were
injected into the inleis of a comtrifugal-flow-type turbojet engine
in flight, the following results were obtainod:

l. At a NACA standard altitnde of 10,000 feet and an engine
speed of 16,000 rpr, tho mixture and 1ajection rate for optirum
thrust augmentation was found to be 20-perciat alcohol to water by
wolight injscted at a rate of approximacely 1.45 pounds per second,
which was vguivelony to a water-alcchol-to-air racio of 0.05., This
mixture gave a Z2l-percent increase in not thrust.

2. The optimum water-alcohol-to-alr ratic for thrust augmenta-
tion was within the range of 0.03 to 0.05 at altitudes up to
10,000 feoct and onglne spveds from 15,560 to 16,525 rpm.

3. Calculations showed that it was possible to decrease the
take-off distance of an idoelizod alrprlane at sea level approxi-
mately 15 percont by thu use of a 20-perssnt alcohol-wator mixture
injected at a water-alcohol-to-air ratio of 0.04.

Flight Propulsion Rosesurch Laboratory,
Nationnl Advisory Comrmitteo for Aeronnutics,
Clevelnnd, Ohio.
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Figure 4. - Survey rake installed behind tail-pipe exhaust nozzle.
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Increase in corrected net thrust, F,/0, peresat
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Alcohol
in
mixture

(percent)
23

o
o 20
© 17

1 11

{13 1.6 1.7
Corrected water-alcohol injection, w".iJ§7b, 1b/sec

Figure 5. - Increase in corrected net thrust for three water-alcohol

mixtures at NACA standard al titude of 10,000 feet and ram~pressure
ratio of 1.095. Corrected engine speed, A6, 16,000 rpm.
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Drop in tail-pipe temperature, 4%y, P
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Corrected water-aloohol injection, w'.d«'/o. 1b/sec

Figure 9. - Decrease in tali-pipe temperature from nomal for various
water-aiconhol injection rates and two corrected engine speeds at NACA
etandard aititude of 10,000 fest and ram-pressure ratio of 1.098.
Alcohol, 20 percent by welight. '
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Corrected jet thrust, r,/a. 1
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Corrected water-alcohol injection, H'.n\ﬂ'/&. 1b/sec

Figure ii. = Effect of water-alcohol Injection rate on corrected jet
thrust for two engine speeds at standard sea level and ram-pressurs
ratio of 0.995. Alcohoi, 20 percent by weight.
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0 0.4 5.6 1.2 1.8 7.0
Water-slcohol flow, Wy g1, 1b/sec

Figure 12.- Thrust-augmented sea-level take-off distances for idealized
twin-engine airplane as affected by various water-alcohol (20-percent
alcohol by weight) injection rates. Maximum iift-drag ratio, 12; wing
loading, 28.5 pounds per square foot; take-off weight, 12,000 pounds.
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inlsts of a turbojet engine with a centrifugal-flov-type compresscr vas investigated in
flight at altitudes of sea level, 5000 ft, and 10,000 ft. Net thrust increase of 21%
was obtained at 10,000 ft using & mixture of 20% alcohol by weight at an injection rate
of 1.M5 1b/sec. Below 10,000 ft the optimm weter-alcohol-to-sir retio wvas within the
renge of from 0.03 to 0.05, At eea level, take-off distance wvas reduced 1% vhen mix-.
ture “m injected at rate of 1.3°1b/sec, the equivalent to weter-alcohol-to-air ratio -
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